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Abstract 

The  mission,  organization,  and  activities  of  the  Time  and  Frequency  Division  of  the  National 
Institute  of  Standards  and  Technology  are  described.  Topics  covered  include  frequency  standards, 
time  scales,  time  transfer,  optical  frequency  standards,  spectraUpurity  measurements,  synchronization 
for  telecommunications,  and  time  and  frequency  broadcast  services. 


INTRODUCTION 

During  the  last  decade,  two  other  reports  on  the  activities  of  the  Time  and  Frequency  Division 
of  NISTO-21  have  been  presented  at  PTTI  Meetings.  This  paper  provides  a  very  general  update 
to  that  material  with  specific  mention  of  some  of  our  most  recent  activities.  This  introduction 
briefly  describes  the  mission  and  organization  of  the  Division,  while  the  remaining  sections 
offer  a  bit  more  information  on  activities  of  the  Division. 

The  mission  of  the  Time  and  Frequency  Division  is  to  support  U.S.  industry  and  science  through 
provision  of  measurement  services  and  research  in  time  and  frequency  and  related  technology. 
To  fulfill  this  mission  the  Division  engages  in: 

•  the  development  and  operation  of  standards  of  time  and  frequency  and  coordination  of  them 
with  other  world  standards; 

m  the  development  of  optical  frequency  standards  supporting  wavelength  and  length  metrology; 

•  the  provision  of  time  and  frequency  services  to  the  United  States;  and 

•  basic  and  applied  research  in  support  of  future  standards,  dissemination  services,  and  mea¬ 
surement  methods. 

The  work  supporting  length  metrology  derives  from  the  definitional  dependence  of  the  meter 
on  the  second.  This  work  contributes  to  a  larger  program  in  the  Precision  Engineering  Division 
of  NIST’s  Manufacturing  Engineering  Laboratory,  which  has  primary  responsibility  for  length 
and  its  dissemination. 

The  Division  is  organized  into  eight  technical  Groups:  Time  and  Frequency  Services,  Time 
Scale  &  Coordination,  Cesium  Standards,  Ion  Storage,  Spectral  Purity  Measurements,  Laser 
Spectroscopy,  Optical  Frequency  Measurements,  and  Network  Timing.  The  Groups  are  neces¬ 
sarily  small,  and  the  Group  Leaders  are,  thus,  able  to  function  primarily  as  technical  leaders 
within  their  areas.  The  unifying  theme  of  time  and  frequency  measurement  runs  through  each 
of  these  Groups,  bringing  strong  interaction  among  the  Groups. 
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NEW  FREQUENCY  STANDARDS 

The  accuracy  of  NIST’s  time  scale  is  derived  from  primary  frequency  standards  which  provide 
the  practical  realization  of  the  definition  of  the  second.  To  meet  advancing  needs,  the 
Division  has  constructed  a  new  frequency  standard,  NIST-7,  which  went  into  operation  in  early 
1993.  This  atomic-beam  standardf^-^J  is  based  on  optical  pumping  (using  diode  lasers)  rather 
than  the  traditional  magnetic  methods  used  for  state  selection  and  detection.  The  current 
uncertainty  for  this  standard  is  5x10^^®,  but  further  improvements  in  evaluation  methods  should 
allow  for  improvement  perhaps  to  1  or  2x10“^®.  The  Division  is  constructing  a  new  cesium- 
fountain  frequency  standardisi,  which  should  be  in  operation  within  the  next  year.  This  work 
is  a  collaboration  with  the  Atomic  Physics  Division  of  the  Physics  Laboratory  at  NIST,  the 
Politecnico  di  Torino,  and  the  Istituto  Elettrotecnicx)  Nazionale  Galileo  Ferraris.  Looking 
toward  still  higher  accuracy,  the  Division  is  studying  standards  based  on  trapped,  laser-cooled 
ionsl**'^!.  Ion  standards  offer  promise  of  acx:uracy  improvements  of  many  orciers  of  magnitude. 
While  the  ion  studies  continue  to  involve  demonstrations  of  prototype  clocks,  the  work  is 
treated  as  basic  research,  providing  the  knowledge  base  for  future  standards. 


IMPROVED  TIME  SCALES 

The  NIST  time  scale  is  the  stable  clock  system  which  provides  aexturate  signals  for  services  and 
applications  and  which  serves  as  a  reference  for  research  on  new  standards  and  measurement 
methods.  The  reliability  and  stability  of  this  time  scale  is  based  on  the  use  of  an  ensemble  of 
frequency  standards  combined  under  the  control  of  a  computer-implemented  algorithm.  The 
key  internal  time  scale  used  by  NIST  is  called  ATI.  Recent  improvements  to  the  scalef*! 
involve  the  addition  of  new  commercial  hydrogen  masers  and  cesium-beam  standards  and  the 
development  of  new  reset  procedures  in  the  ATI  algorithm.  The  drift  rate  of  the  scale  has 
been  reduced  from  IxlO'^Vday  to  3xl0“'7day.  The  random  fluctuations  of  ATI  were  also 
reduced  by  a  factor  of  2  to  2x10“*^  at  100  days.  Further  improvements  are  expected  as  two 
additional  hydrogen  masers  are  added  to  the  scale.  Improvements  are  also  being  made  in  the 
electronic  systems  which  read  the  clock  outputs.  All  of  these  improvements  are  critical  to  the 
successful  evaluation  and  use  of  the  next  generations  of  primary  frequency  standards  now  being 
developed  by  the  Division. 


IMPROVED  METHODS  OF  TIME  TRANSFER 

Since  the  world  operates  on  a  unified  time  system.  Coordinated  Universal  Time  (UTC),  highly 
accurate  time  transfer  (to  coordinate  time  internationally)  is  a  critical  ingredient  in  the  operation 
of  time  scales  and  primary  frequency  standards.  The  Division  is  working  to  further  improve  the 
GPS  common-view  time  transfer  method,  which  is  the  key  method  now  used  for  international 
time  coordination. I’l  The  Division  is  also  working  with  others  (including  USNO)  to  improve 
the  two-way  time  transfer  method.  White  the  simplicity  and  reliability  of  common-view  time 
transfer  makes  it  the  current  method  of  choice,  the  two-way  method  offers  good  potential  for 
improved  performance.  A  two-way  link  between  North  America  and  Europe  has  been  studied, 
and  another  two-way  link  to  the  Pacific  region  is  under  development.  Recent  NIST  work  has 
focussed  on  errors  in  the  earth  stations. 
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IMPROVED  OPTICAL  FREQUENCY  STANDARDS 

The  Division  is  also  engaged  in  developing  improved  optical  frequency  measurements  impor¬ 
tant  for  primary  frequency  standards,  secondary  wavelength  standards  based  on  atomic  and 
molecular  transitions,  advanced  optical  communication,  analytical  instrumentation,  and  length 
measurement.  The  most  obvious  interest  is  in  the  development  of  future  primary  frequency 
standards  using  optical  transitions,  since,  in  general,  higher  frequency  transitions  yield  a  better 
fractional-frequency  uncertainty.  Another  area  of  effort  is  on  diode  lasers,  which  can  have  very 
high  spectral  purity,  tunability,  simplicity,  and  low  cost.Wl  The  approach  taken  in  this  work 
is  to  prove  concepts  through  demonstration  of  working  systems.  The  Division  also  develops 
and  characterizes  accurate  optical  frequency  and  wavelength  references  such  as  the  carbon 
dioxide  laserti^l  and  the  calcium-stabilized  diode  laser.Ii^j  s^ch  frequency  references  serve  as 
standards  in  making  accurate  spectroscopic  measurements  in  industrial  and  scientific  programs. 
The  program  has  recently  been  expanded  to  include  a  responsibility  for  the  development  of 
advanced  optical-frequency  standards  to  support  improved  length  measurement  and  standards. 

IMPROVED  SPECTRAL-PURITY  MEASUREMENTS 

The  Division’s  development  of  new  spectral-purity  measurements  supports  sound  specifications 
for  aerospace  systems  such  as  radar  systems  and  special  communication  systems.  Systems 
capable  of  making  highly  accurate  measurements  of  both  phase-modulation  (PM)  and  amplitude- 
modulation  (AM)  noise  have  been  developed  for  carrier  frequencies  in  the  RF  and  microwave 
regions. Portable  systems  have  also  been  developed and  these  are  being  used  to  validate 
measurements  made  in  industrial  and  government  laboratories.  Further  work  will  broaden 
the  spectral  coverage  and  simplify  comparison  of  measurement  accuracy  among  standards 
laboratories.  New  PM  and  AM  calibration  services  have  been  brought  into  operation  over  the 
last  several  years. 

SYNCHRONIZATION  FOR  TELECOMMUNICATIONS 

The  Time  and  Frequency  Division  has  been  actively  engaged  with  the  telecommunications 
industry  in  issues  relating  to  synchronization  of  advanced  generations  of  telecommunications 
networks.  NIST  has  made  useful  contributions  to  emerging  telecommunications  systems, 
particularly  in  the  area  of  phase  noise  measurement  and  the  statistical  measures  used  to 
characterize  the  noise  in  telecommunications  synchronization  systems.  Over  the  last  five 
years,  the  Division  has  offered  annual  workshops  (jointly  with  industry)  on  synchronization  in 
telecommunications  systems. 

TIME  AND  FREQUENCY  BROADCAST  SERVICES 

The  Division  provides  time  and  frequency  broadcasts  from  stations  WWV  and  WWVB  in 
Fort  Collins,  Colorado,  and  from  WWVH  in  Hawaii  and  a  time  code  broadcast  from  NOAA’s 
GOES  weather  satellites. Last  year,  the  Division  initiated  a  project  to  increase  the  power 
output  and  reliability  of  the  WWVB  broadcasts  at  60  kHz.  At  somewhat  higher  output 
power,  these  LF  broadcasts  could  become  substantially  more  useful  for  mobile  and  consumer 
applications,  because  the  antenna/receiver  cost  and  size  would  be  veiy  small  and  line  of  sight 
to  the  transmitter  is  not  required.  The  Division  also  operates  a  Network  Time  Service  and 
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a  telephone  service,  the  Automated  Computer  Time  Services  (ACTS)fi’l,  designed  for  setting 
clocks  in  digital  systems. 

These  broadcasts  serve  applications  in  a  broad  range  of  systems  in  business,  telecommunications, 
science,  transportation,  and  radio/TV  broadcasting.  Industry  calibration  laboratories  are  served 
by  the  Division’s  Frequency  Measurement  Service,  which  provides  these  laboratories  with 
continuous  assurance  of  the  accuracy  of  their  frequency  measurements. 


APPLICATION  OF  TIME  AND  FREQUENCY  TECHNOLOGY 

Finally,  the  Division  applies  time  and  frequency  technology  to  important  problems  in  high- 
resolution  spectroscopy!**!  and  quantum-limited  measurements. 1*^1 


DISCUSSION 

We  are  witnessing  a  broad  resurgence  in  the  development  of  high  performance  time  and 
frequency  systems.  This  is  the  result  of  two  key  factors.  First,  satellite  methods  for  time 
transfer  now  allow  synchronization/syntonization  of  even  the  best  atomic  standards.  Today’s 
best  standards  simply  could  not  be  compared  using  the  time  transfer  methods  of  the  197()s. 
The  second  factor  involves  the  development  of  methods  for  controlling  the  states  and  motions 
of  atoms  using  lasers.  These  new  methods  provide  the  means  for  circumventing  the  limitations 
inherent  in  the  thermal-beam  standards  of  the  past.  They  make  possible  entirely  new  standards 
with  a  potential  for  reducing  uncertainties  by  orders  of  magnitude. 

Past  advances  in  atomic  timekeeping  have  opened  up  opportunities  for  advancing  technologies 
requiring  high-accuracy  timing.  Notable  examples  include  satellite  navigation,  telecommunica¬ 
tions,  and  electrical  power  distribution.  If  this  history  is  any  guide,  we  should  e^ect  similar 
technological  advances  to  follow  the  development  of  the  next  generations  of  atomic  standards. 
Program  planning  in  the  Time  and  Frequency  Division  of  NIST  is  certainly  based  on  that 
expectation. 


REFERENCES 

[1]  D.B.  Sullivan  1987,  “Activities  and  plans  of  the  Time  and  Frequency  Division  of 
the  National  Bureau  of  Standards,  ”  Proceedings  of  the  18th  Annual  Precise  Time 
and  Time  Interval  (PTTI)  Applications  and  Planning  Meeting,  2-4  December  1986, 
Washington,  D.C,,  USA,  pp.  1-9. 

[2]  D.B.  Sullivan  1994,  “Time  and  frequency  technology  at  NIST,  ”  Proceedings  of 
the  25th  Annual  Precise  Time  and  Time  Interval  (PTTI)  Applications  £ind  Planning 
Meeting,  29  November-2  December  1993,  Marina  del  Rey,  California,  USA  (NASA 
CP-3267),  pp.  33-37. 

[3]  R.E.  Drullinger,  D.J.  Glaze,  J.P.  Lowe,  and  J.H.  Shirley  1991,  “The  NIST  optically 
pumped  cesium  frequency  standard,  ”  IEEE  Transactions  on  Instrumentation 
and  Measurement,  IM-40,  162-164. 


78 


[4]  R.E.  Drullinger,  W.D.  Lee,  J.H.  Shirley,  and  J.P.  tiowe  1995,  “T/ie  accuracy  evalua¬ 
tion  of  NIST-7,  ”  IEEE  Transactions  on  Instrumentation  and  Measurement, 
IM-44,  120-123. 

[5]  C.R.  Ekstrom,  W.M.  Golding,  R.E.  Drullinger,  F.L.  Walls,  A.  DeMarchi,  S.L,  Rolston, 
and  W.  Phillips  1996,  “The  design  of  an  atomic  fountain  frequency  standard 
prototype  at  NIST,  ”  Proceedings  of  the  5th  Symposium  on  Frequency  Standards 
and  Metrology,  15-19  October  1995,  Woods  Hole,  Massachusetts,  USA,  ed.  J.C. 
Bergquist  (World  Scientific,  Singapore),  pp.  411-412. 

[6]  D.J.  Wineland,  J.C.  Bergquist,  D.  Berkeland,  J.J.  Bollinger,  F.C.  Cruz,  W.M.  Itano, 
B.M.  Jelehkovic,  B.E.  King,  D.M.  Meekhof,  J.D.  Miller,  C.  Monroe,  M.  Rauner, 
and  J.N.  Tan  1996,  “Application  of  laser-cooled  ions  to  frequency  standards  and 
metrology,  ”  Proceedings  of  the  5th  Symposium  on  Frequency  Standards  and  Metrol¬ 
ogy,  15-19  October  1995,  Woods  Hole,  Massachusetts,  USA,  ed.  J.C.  Bergquist  (World 
Scientific,  Singapore),  pp.  11-19. 

[7]  M.E.  Poitzsch,  J.C.  Bergquist,  W.M.  Itano,  and  D.J.  Wineland  1996,  “Cryogenic 
linear  ion  trap  for  accurate  spectroscopy,”  Reviews  of  Scientific  Instrumen¬ 
tation,  67,  129-134. 

[8]  T.E.  Parker,  and  J.  Levine,  “Impact  of  New  High  Stability  Frequency  Standards 
on  the  Performance  of  the  NIST  ATI  Time  Scale,”  IEEE  Transactions  on 
Ultrasonics,  Ferroelectrics,  and  FVequency  Control,  to  be  published. 

[9]  W.  Lewandowski,  G.  Petit,  and  C.  Thomas  1993,  “Precision  and  accuracy  of  GPS 
time  transfer,  ”  IEEE  Transactions  on  Instrumentation  and  Measurement, 
IM-42,  474-479. 

[10]  F.G.  Ascarrunz,  S.R.  Jefferts,  and  T.E.  Parker  1996,  “Earth  station  errors  in  two- 
way  time  transfer,  ”  Proceedings  of  the  1996  IEEE  International  frequency  Control 
Symposium,  5-7  June  1996,  Honolulu,  Hawaii,  USA,  IEEE  Catalog  No.  96CH35935, 
pp.  1169-1172. 

[11]  R.W.  Fox,  C.S.  Weimer,  L.  Hollberg,  and  G.C.  Turk  1993,  “The  diode  laser  as  a 
spectroscopic  tool,  ”  Spectrochimica  Acta,  15,  291-299. 

[12]  C.C.  Chou,  A.G.  Maki,  S.J.  Tochitsky,  J.-T.  Shy,  K.M.  Evenson,  and  L.R.  Zink  1995, 
“Heterodyne  frequency  measurements  and  analysis  of  C02  0002-11001,0201]!, II 
sequence  band  transitions,  ”  Journal  of  Molecular  Spectroscopy,  172,  233-242. 

[13]  A.S.  Zibrov,  R.W.  Fox,  R.  Ellingsen,  C.S.  Weimer,  V.L.  Velichansky,  G.M.  Tino,  and 
L.  Hollberg  1994,  “High-resolution  diode-laser  spectroscopy  of  calcium,  ”  Applied 
Physics  B,  59,  327-331. 

[14]  F.L.  Walls  1993,  “Secondary  standard  for  PM  and  AM  noise  at  5,  10,  and  100 
MHz,  ”  IEEE  Transactions  on  Instrumentation  and  Measurement,  IM-42, 
136-143. 


79 


[15]  F.G.  Ascarrunz,  and  F.L.  Walls  1996,  M  standard  for  PM  and  AM  noise  at  10.6, 
21.2  and  43-4  GHz,  ”  Proceedings  of  the  1996  IEEE  International  Frequency  Control 
Symposium,  5-7  June  1996,  Honolulu,  Hawaii,  USA,  IEEE  Catalog  No.  96CH35935, 
pp,  852-853. 

[16]  R.E.  Beehler,  and  M.A,  Lombardi  1991,  NIST  Time  and  Frequency  Services, 
NIST  Special  Publication  432  (Revised  1990)  (available  from  the  Superintendent  of 
Documents,  U.S.  Government  Printing  Office,  Washington,  D.C.  20402-9325  USA). 

[17]  J.  Levine,  M.  Weiss,  D.D.  Davis,  D.W.  Allan,  and  D.B.  Sullivan  1989,  “The  NIST 
Automated  Computer  Time  Service,”  Journal  of  Research  of  the  National 
Institute  of  Standards  and  Technology,  94,  311-321, 

[18]  K.M.  Evenson  1995,  “Laser  spectroscopy  in  the  submillimeter  and  far  infrared  re¬ 
gion,  ”  Atomic,  Molecular,  and  Optical  Physics  Reference  Book,  ed.  G.W.F. 
Drake  (AIP  Press,  New  York,  New  York,  USA),  pp.  473-478. 

[19]  J.J.  Bollinger,  W.M.  Itano,  D.J.  Wineland,  and  D.J.  Heinzen,  “Optimal  frequency 
measurements  with  maximally  correlated  states,  ”  Physical  Review,  A54,  R4649- 
R4652. 


80 


Questions  and  Answers 

CLAUDINE  THOMAS  (BIPM,  FRANCE):  The  oscillation  we  see  in  UTC  -  UTC(NIST)  is 
due  to  your  steering  process?  Or  is  it  a  seasonal  variation  or  something  which  has  to  do  with 
humidity  variations? 

JUDAH  LEVINE:  I  don’t  know.  I  think  it  is  a  little  of  both.  The  steering  loop  which  we  use 
for  controlling  UTC(NIST)  has  a  l-year  time  constant  to  it.  And  that  could  very  well  amplify 
an  underlying  annual  term,  or  at  least  not  attenuate  an  underlying  annual  term. 

I  think  it  is  a  little  of  both.  I  think  there  is  an  annual  term  either  in  our  timescale  or  in  the 
distribution  process,  and  our  algorithm  did  not  completely  remove  it. 

CLAUDINE  THOMAS:  I  have  a  second  comment.  I  really  appreciate  seeing  the  uncertainty 
budget  from  NIST-7.  In  fact,  I  must  say  that  it’s  the  first  time  I’ve  seen  it. 

JUDAH  LEVINE:  I  think  Dr.  Drullinger  is  sitting  back  there.  You  ought  to  hassle  him. 

CLAUDINE  THOMAS:  Is  it  published  somewhere? 

JUDAH  LEVINE:  I  don’t  know. 

CLAUDINE  THOMAS:  I  mean,  the  uncertainty  budget  with  a  5  part  in  10  to  the  15th. 
JUDAH  LEVINE:  I  refer  you  to  Dr.  Drullinger. 

GERNOT  WINKLER  (INNOVATIVE  SOLUTIONS  INT’L):  I  note  with  interest  that  you’re 
increasing  the  power  on  60  kHz.  This  is  going  to  be  an  improvement,  but  it  will  not  cure 
the  basic  problem  on  the  East  Coast,  which  is  the  nighttime  interference  from  MSF,  England. 
I  wonder  what  wisdom  is  there  to  spend  so  much  money  on  improving  the  power  instead  of 
changing  the  frequency. 

JUDAH  LEVINE:  In  the  first  place,  thanks  to  the  United  States  Navy,  the  cost  of  improving 
the  power  is  not  as  much  as  you  think,  because  the  transmitters  were  free.  The  Navy  gave 
them  to  us. 

That’s  a  difficult  issue.  Our  hope  is  that  the  electric  field  at  the  East  Coast  will  exceed  100 
microvolts  per  meter  after  the  upgrade  is  finished;  and  we  think  that’s  going  to  be  enough  that 
the  receivers  can  lock.  I  think  changing  the  frequency  -  well,  to  be  perfectly  honest,  I  would 
guess  that  it’s  politically  unthinkable.  There  is  an  enormous  install  base  of  WWVB  receivers. 
I  would  hesitate  to  suggest  it.  My  guess  is  that  I’d  be  run  out  of  town  on  a  rail.  I  just  don’t 
think  it’s  possible,  I  think  we’re  too  far  into  it  now.  I  mean,  it’s  something  to  consider,  but  I 
would  guess  it  just  can’t  be  done. 

SIGFRIDO  LESCHIUTTA  (lEN,  ITALY):  Excuse  me,  the  frequency  is  still  at  60  kHz? 
JUDAH  LEVINE:  Yes,  it’s  exactly  1,000  times  the  power  line  frequency,  exactly. 
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